The phytohormone auxin controls growth rates within plant tissues, but the underlying mechanisms are still largely enigmatic. The apical hook is a superb model to understand differential growth, because it displays both auxin-dependent growth repression and promotion. In this special issue on membranes, we illustrate how the distinct utilization of vesicle trafficking contributes to the spatial control of polar auxin transport, thereby pinpointing the site of growth repression in apical hooks. We moreover highlight that the transition to growth promotion is achieved by balancing inter-and intracellular auxin transport. We emphasize here that the apical hook development is a suitable model to further advance our mechanistic knowledge on plant growth regulation.
Introduction
Distinct growth rates change the original proportion of the associated tissues and subsequently are central to organ patterning. The importance of differential enlargements is particularly evident in plant development, because postembryonic, adaptive growth responses are essential to deal with the ever-changing environment. The phytohormone auxin is an important growth integrator in plants, determining growth in a concentration-and cell-type-dependent manner. Most auxin responses require the family of nuclear F-box protein transport inhibitor response 1 (TIR1) and its co-receptors auxin resistant (Aux)/indole-3-acetic acid-inducible (IAA) that jointly bind to auxin. In brief, this auxininduced interaction will trigger the ubiquitination and proteasome-dependent degradation of the Aux/IAA proteins. This will initiate the genomic auxin response by ultimately releasing the auxin-response factor (ARF) transcription factors from its inhibitory complex with the Aux/IAAs (reviewed in [1] ).
Intriguingly, the tissue distribution of auxin depends on a tedious cell-to-cell transport mechanism. Polarly (asymmetrically) localized auxin transporters at the plasma membrane determine the directional transport of auxin within a given tissue [2] [3] [4] . This is a remarkable mechanism, because it gives particular importance to the vesicle transport machinery for setting cellular and tissue growth. In this light, the defined sorting of auxin carriers to the plasma membrane literally delivers growth control. At first sight, this mechanism appears very laborious and rather complex, but is actually very convenient for the adaptive lifestyle of plants. The vesicle trafficking machinery can dynamically regulate the abundance and position of the auxin carriers at the plasma membrane, constantly fine-tuning the auxin content in individual cells and setting the desired tissue distribution. The stunning efficiency of such a versatile mechanism tailors a plantlet's architecture on the go to its actual habitat.
In this special issue on membranes, we describe how vesicle trafficking of auxin transporters and auxin transport across distinct membranes define differential growth with a particular focus on auxin-dependent apical hook development.
Apical Hook Development as a Model for Both Differential Inhibition and Promotion of Growth
Our understanding of formative events, underlying either differential growth inhibition or promotion, is fundamentally important to understand and possibly to engineer plant architecture. In this regard, apical hook development is a highly interesting model, because it is suitable to study both spatially-defined repression and promotion of growth ( Figure 1 ).
When seeds germinate in natural habitats, they have to break through the soil before they reach the light. Dicotyledons form an apical hook in the dark, which provides mechanical protection for the cotyledons and apical meristem (shoot stem cells) when breaching the surrounding substrate. Curvature of the hook during the formation phase is achieved by growth inhibition at the inner (concave) side [5] . This differential growth response is stalled when the hook reaches its full closure (180 angle). In dark and low oxygen conditions, the hook structure is preserved (maintenance phase), preventing its premature opening before reaching the gaseous environment [6] . However, if the dark treatment is prolonged, the apical hook eventually transits into a slow opening phase. On the other hand, a fast opening of the apical hook is achieved by a light-triggered tissue expansion at the inner side [5, 7, 8] . In other words, the very same tissue at the inner side of the hook initially faces growth repression during the formation phase and, subsequently, undergoes growth promotion during the opening phase. Accordingly, this tissue serves as a perfect model to study differential growth.
The inhibition of growth during the formation of the apical hook depends on the gradual establishment of an auxin signalling maximum at the inner side [9, 10] . This auxin signalling maximum peaks and remains constant during the maintenance phase. Afterwards, the decrease of auxin signalling initiates growth at the inner side for the hook opening response (Figure 1 ) [8] . Notably, both differential growth responses in apical hooks are accompanied by gradual changes in auxin signalling rates, whereas the maintenance phase is characterized by a relatively high, but steady state of asymmetric auxin signalling [8] (Figure 1 ). It is tempting to hypothesize that it is not the actual level of cellular auxin, but rather the relative increase and decrease of auxin signalling that are key in repressing and promoting growth, respectively ( Figure 1 ).
Auxin Efflux and Influx Carriers Regulate the Formation of Auxin Signalling Maxima
Due to the acidic pH of the cell wall, indole-3-acetic acid (the most common endogenous form of auxin) is partly protonated, which allows its slow diffusion into cells (reviewed in [11] ). Auxin uptake into the cell is importantly enhanced by the AUXIN RESISTANT 1 (AUX1)/LIKE AUX1 (LAX) auxin influx carrier family, whose members show mostly non-polar distribution [12] [13] [14] . Auxin gets deprotonated at neutral pH and, hence, is a charged molecule within the cell, requiring transport proteins at the plasma membrane to leave (reviewed in [11] ). Members of the PIN-FORMED (PIN) auxin efflux carrier family display asymmetric (polar) localization within the plasma membrane of various cell types [2, 15] and thereby determine the direction of intercellular auxin transport [4] . AUX1/LAX and PIN proteins also jointly define the spatial and temporal accumulation of auxin during apical hook development [8] [9] [10] [16] [17] [18] [19] [20] .
The application of the auxin influx inhibitor 1-naphtoxyacetic acid (1-NOA) partially prevents the closure of apical hooks [10] . Moreover, AUX1 and LAX3 are expressed during early hook development and aux1 lax3 double mutants phenocopy 1-NOA treatments. These data suggest a role for auxin import carriers in the formation phase of the apical hook. The highest AUX1 expression overlaps with the site of auxin signalling maxima at the inner side of the apical hooks (Figure 2 ) [10] . In contrast, LAX3 is highly expressed in vascular cells, but is not asymmetrically distributed in outer tissues [10] , suggesting at least partially diverged functions of LAX3 and AUX1. While AUX1 expression at the inner side has an apparent role in forming the auxin maxima at this site, it remains to be assessed how AUX1 and LAX3 expression in the stele contributes to auxin delivery from the vasculature into the apical hook region. Overall, auxin influx carriers contribute to asymmetric auxin accumulation at the inner side, which is crucial for the spatial depiction of growth repression and, hence, the formation of the apical hook.
Similarly to the inhibition of auxin influx, the naphthylphthalamic acid (NPA)-induced inhibition of cellular auxin efflux completely abolishes the establishment of the auxin signalling maximum and consequently the hook formation [9] . PIN3, PIN4 and PIN7 display partially overlapping expression patterns in the hook, showing notably stronger (asymmetric) abundance at the outer (convex) side [9, 19] . They jointly canalize a fountainlike stream of auxin from the vasculature towards the convex (outer) side and subsequently drain auxin through the epidermis to the concave (inner) side of apical hooks ( Figure 2 ) [19] . Even though the current literature largely lacks the defined dissection of these molecular events, the radial export of auxin from the stele towards the outer side is crucial to initiate differential growth during apical hook formation. We assume that this process is similar to other gravi-and photo-tropistic responses in hypocotyls, where PIN3 polarization in endodermal cells determine the directional export of auxin from the stele [21, 22] . In contrast to these tropistic responses, auxin does not accumulate at the outer bend in apical hooks, but is redirected through the epidermis towards the inner side [19] . The redirection of auxin from the outer to the inner bend is poorly understood in apical hooks, but is somewhat reminiscent of the so-called L1 (epidermal) surface layer in shoot apical meristems. In these epidermal cells, polarized PIN1 proteins canalize auxin towards the so-called convergence points, establishing auxin maxima at the center of the incipient primordium [3, 23] . In analogy, the convergence point for auxin in apical hooks is the inner side, defining asymmetric growth repression and, hence, formation of the protective structure.
pin3 loss-of-function mutants are unable to properly focus auxin at the inner side and to fully close the hook structure. pin4 and pin7 single mutants have less severe defects, but double pin3 pin4 and pin3 pin7 mutant combinations display severely disrupted apical hook formation, demonstrating that they are redundantly involved in apical hook formation [9] . However, it remains to be assessed how PIN3, PIN4 and PIN7 precisely contribute to both the unloading of auxin from the stele into the apical hook region and to the converging of auxin through the epidermal cells at the inner side of the forming apical hook.
Notably, besides AUX1/LAX and PINs, the subfamily of nonpolar ABCB auxin transporters are similarly required for apical hook development [24] . Accordingly, the regulation of intercellular auxin transport has a central role in establishing the asymmetric auxin distribution at the inner side of apical hooks, providing a spatial mark for growth inhibition and consequently the formation of the apical hook.
AUX1 Influx and PIN Efflux Carriers Follow Distinct Trafficking Routes
Many cell biological studies have concentrated on root tissues in order to dissect the distinct trafficking events of AUX1 and PIN At the beginning of the formation phase (left panel), a steady increase in the auxin signalling maximum at the inner side (light green area) induces growth repression. During the maintenance phase (middle panel) the auxin signalling peaks and growth is halted (depicted in dark green). A decrease in auxin signalling (light green) initiates growth promotion and the opening of the hook structure (right panel).
R520 Current Biology 28, R519-R525, April 23, 2018 Current Biology proteins towards the plasma membrane. The secretion of AUX1 and PINs from the endoplasmic reticulum (ER) is already molecularly distinct, presumably allowing the distinct regulation of AUX1 and PIN secretion [25] . After leaving the ER, both carrier families transit through the Golgi and trans-Golgi network (TGN) on their way to the plasma membrane [14, 17] . AUX1 and PIN proteins are not static at the plasma membrane, but seem to undergo constitutive internalization (endocytosis) and recycling back to the plasma membrane (Figure 3) [14, 26] .
Clathrin is the major scaffold for uptake of cargo at the plant plasma membrane and also enables the endocytosis of PIN proteins [27] . In contrast, the endocytosis of AUX1 is molecularly ill defined. Clathrin-dependent endocytosis contributes to the apical-basal polarity of PIN proteins in root cells [28] , presumably by depleting PIN proteins from the lateral membranes (Figure 3) [29] . A similar mechanism could also impact on PIN polarity in apical hooks, because a clathrin light chain (clc)2 clc3 double mutant bears more PIN3 abundance at outer lateral membranes (pointing away from the stele) of cortical cells [18] . This model of a transversal tissue layout depicts the directionality of intercellular auxin transport during hook formation. PIN-dependent auxin efflux preferentially releases auxin from the stele toward the outer epidermal cell file (blue arrows). Subsequently, PINs drain auxin through the epidermal cell file to the inner side. Additionally, AUX1-dependent auxin influx (red arrows) concentrates auxin at the inner side of the hook, establishing an auxin maximum on this side. St: Stele; Pe: pericycle; En: endodermis; Co: cortex; Ep: epidermis.
In contrast, the non-polar AUX1 localization was not visibly affected in the mutant [18] . The stronger PIN3 lateralization correlates with an enhanced auxin signalling maximum at the inner side of the clc2 clc3 mutant hook, suggesting enhanced PIN3-dependent draining of auxin from the outer to the inner side. However, this study did not dissect the possible contribution of PIN3 to unloading of auxin from the stele. Nevertheless, this finding implies that a clathrin-dependent depletion mechanism limits the PIN3-dependent accumulation of auxin at the inner side of the hook. The increase in asymmetric auxin signalling rate also explains the faster formation and the slight exaggeration (bending exceeding 180 ) of clc2 clc3 when compared to wild type hooks [18] . While the growth repressive (formation) phase was accelerated, the light-induced opening kinetics were slowed down in clc2 clc3 [18] . The defects in apical hook opening could be an indirect result of the exaggerated hook curvature. However, the high auxin signalling rates in clc2 clc3 double mutants are in principle in agreement with a negative impact of auxin on differential growth promotion during apical hook opening [8] .
Following the clathrin-dependent endocytosis, the endocytic vesicles fuse with the trans-Golgi network (TGN), because this compartment also functions as the early endosomes (EE) in plants [30] . The TGN/EE has, hence, central sorting functions in both secretion and endocytic trafficking. Once internalized into the TGN/EE the auxin carriers either undergo recycling back to the plasma membrane [14, 26, 27] or get re-routed to the vacuole for its lytic degradation [31] .
Intracellular sorting of AUX1 and PINs at the TGN/EE was first illustrated to be molecularly distinct in root cells [14] , mechanistically allowing the independent regulation of auxin influx and efflux rates. PIN protein recycling has been linked to the Golgi-localized, vesicle trafficking regulator GNOM, which encodes for a Brefeldin A (BFA)-sensitive ADP-ribosylation factor GDP to GTP exchange factor (ARF-GEF) (Figure 3) [26,32,33 ].
ARF-GEFs activate ADP-ribosylation factor (ARF) proteins, ultimately recruiting coat proteins for selective vesicle budding. Treatments with the fungal toxin BFA interfere with the GNOMdependent delivery (exocytosis) of PINs from the TGN/EE to the plasma membrane [26, 32, 34] . GNOM also contributes to PIN3 polarization in endodermal hypocotyl cells and thereby enables the asymmetric, radial export of auxin from the stele for phototropic and gravitropic growth [21, 22] . Notably, GNOM is also required for apical hook formation [20] and PIN3, PIN4 and PIN7 are expressed in endodermal cells at the site of apical hook development [19] . Even though detailed information is currently missing, it is likely that PIN3,4,7-dependent auxin delivery from the stele into the apical hook region also requires a GNOM-dependent polarization event in the endodermis.
The TGN/EE-localized ECHIDNA (ECH) is important for the structural integrity of the TGN/EE and contributes to protein secretion to the plasma membrane [35] . Apical hook formation and maintenance is affected in ech mutants, because the delivery of AUX1, but notably not of PIN3, is severely compromised in epidermal cells [17] . The ECH-dependent secretion of AUX1 furthermore requires the ARF-GEF BIG1-4 function during apical hook development (Figure 3) [20] . Contrary to PINs, AUX1 delivery from endosomes to the plasma membrane was found to be largely insensitive to BFA treatment, indicating that it requires BFA-insensitive ARF-GEFs [14] . In agreement, the removal of the BFA insensitive BIG3 renders the secretion of AUX1 sensitive to BFA in epidermal cells of the apical hook [20] .
All members of the BIG subfamily (BIG1-5) are TGN/EE localized and known to also impact on PIN trafficking in roots [36] [37] [38] . Accordingly, both PIN and AUX1 cargos can pass through BIG1-4-dependent trafficking routes [20, 37, 38] . However, during apical hook development only AUX1 gets recruited to this secretion pathway in an ECH-dependent manner (Figure 3) [20] .
Ethylene Orchestrates Apical Hook Formation
The defined delivery of auxin transport components needs coordination throughout the apical hook organ to depict the place for auxin accumulation and, accordingly, the site of growth repression. Yet another hormone defines the time frame for this Secretion of AUX1, but not PINs, from the endoplasmic reticulum (ER) depends on AXR4. ECH and BIG1-4 jointly regulate AUX1 secretion at the TGN/EE. On the other hand, GNOM and BIG1-5 impact distinctly on PIN protein recycling and secretion from the TGN/EE to the plasma membrane, respectively. Trafficking of AUX1 and PINs are under control of the ER localised ethylene receptor ETR1. PILS putatively transport auxin into the ER lumen, preventing auxin to diffuse into the nucleus. Nuclear availability of auxin determines TIR1-dependent auxin signalling.
response, and this hormonal crosstalk allows for complex integration of distinct endogenous and exogenous signals. The phytohormone ethylene impacts on auxin biosynthesis and transport in various tissues [39, 40] and is known to play an essential role in apical hook development. The ethylene-insensitive mutants, such as ethylene resistant1 (etr1) or ethylene in-sensitive2 (ein2), exhibit severe defects in the formation of apical hooks [5, 41] . On the other hand, increased ethylene levels or constitutively activated ethylene signalling temporally prolongs the formation phase, resulting in an extremely exaggerated apical hook curvature (280 ) [9, 10, 41, 42] . These findings suggest that ethylene signalling is strictly required for defining the auxindependent growth repression.
Ethylene does increase the transcription of auxin biosynthesis gene tryptophan aminotransferase related 2 (TAR2), which consequently provides more auxin to the hook region [10] . Ethylene also defines PIN and AUX1 localisation and secretion in a distinct manner, leading to an integrated tissue distribution of auxin [9, 10, 19] .
On one hand, ethylene does enhance the overall vesicle trafficking of AUX1 to the plasma membrane at the concave (inner) side of the apical hook, leading to higher asymmetric auxin accumulation and signalling rates [10, 17] . Notably, the impaired AUX1 sorting at the TGN/EE in ech and big1-4 mutants also correlates with a resistance to ethylene application [20] . These findings suggest that ethylene requires ECH-and BIG-dependent vesicle trafficking events to augment the delivery of AUX1, which is crucial for the definition of the formation phase.
On the other hand, ethylene reduced PIN4 in epidermal cells, but increased the levels of PIN3 and PIN7 in epidermal and endodermal cells within the hook region [19] . Moreover, ethylene slightly increased the asymmetry of PIN3 signal at the concave versus the convex side [19] , suggesting a tissue-specific impact. In agreement, ethylene application requires PIN proteins to cause a stronger, but spatially less defined, auxin signalling maximum at the inner side of the hook [19] . Accordingly, ethylene seems to increase the PIN-dependent delivery of auxin from the stele towards the outer side, but decrease its convergence at the inner side of the apical hook.
It is remarkable that ethylene-dependent control of intercellular auxin transport temporally defines the apical hook formation. However, it remains to be seen precisely how and in which tissues ethylene impacts on the delivery of PINs. As mentioned R522 Current Biology 28, R519-R525, April 23, 2018 Current Biology above, clathrin-dependent endocytosis preferentially impacts on PIN3 localization in cortical and epidermal cells [18] and clc2 clc3 double mutants partially phenocopy ethylene application. However, it is currently unknown whether ethylene impacts on PIN endocytosis for converging auxin at the inner side of the apical hook. Besides, auxin export from the stele into the apical hook region is relatively ill defined. Here, ethylene could possibly impact on the presumably GNOM-dependent PIN polarization events in the endodermis to enhance the unloading of auxin from the vasculature.
While auxin depicts the place, ethylene defines the timeframe for apical hook formation. But how is ethylene action itself restricted once the apical hook is closed? Obviously, apical hook closure needs to be sensed and ethylene signalling to be shut down in order to prevent over-bending (exaggeration) of apical hooks. It is conceivable that a mechanical touch response after closure terminates the ethylene-induced and intercellular auxin transport-dependent differential growth repression. However, such an intriguing mechanism would have to distinguish between self-contact and the constraints of the environment. A volatile hormone, such as ethylene, could play a central role in this envisioned mechanism.
Hook Formation and Opening are Molecularly Distinct
In the final phase of apical hook development, the depletion of auxin signalling is the actual trigger for inducing growth and to open up the structure [8] . Compared with the conceptual importance of the auxin signalling maxima [3], the developmental role of cellular auxin depletion (also called auxin minima formation) is just surfacing [43, 44] . The light-induced apical hook opening kinetics of pin3, pin4 and pin3 pin4 mutants are indistinguishable from that in wild-type seedlings [8] . This suggests that intercellular auxin transport has a primary role in forming, but not opening, the apical hook. Accordingly, a molecularly distinct mechanism for the depletion of auxin signalling is in place during hook opening.
The PIN-LIKES (PILS) family of putative intracellular auxin carriers play a developmentally important role in reducing nuclear auxin signalling rates [45] . PILS proteins localize to the membrane of the ER, where they presumably shield the nucleus from auxin by transporting auxin from the cytosol into the ER lumen [45] [46] [47] . PILS2, PILS3 and PILS5 redundantly control the depletion of auxin signalling at the inner side and, thereby induce the opening of apical hooks [8] . The phytochrome B-dependent light signalling directly impacts on the promoter activity of PILS2 and PILS3, thereby enabling this external signal to reduce auxin signalling for hook opening [8] .
The PILS-dependent intracellular auxin transport initiates growth for apical hook opening by counteracting the auxin signalling maximum. However, the PIN-and AUX-dependent cell-to-cell auxin transport machinery still indirectly impacts on the opening kinetics, because it determines the overall magnitude of auxin at the inner side. For example, mutants that display either decreased or increased auxin levels at the inner side put less or more constraint on the PILS-dependent depletion mechanism, leading to faster or slower opening, respectively. Here, a careful assessment of growth kinetics is critically important to distinguish between direct and indirect effects on this auxin-reliant growth transition.
Conclusion
Apical hook development is an outstanding model for differential growth, because the very same tissue transits from repression to promotion. Auxin influx and efflux transporters define the temporal and spatial distribution of auxin, being central in deciding where and how long to repress growth in forming apical hooks. Even though both transporters seem to utilize the same TGN-dependent trafficking routes, specific vesicle trafficking regulators, such as GNOM and ECHIDNA, provide certain specificity to independently recruit efflux and influx carriers, respectively. This cellular balancing of auxin transport at the plasma membrane enables defined redistribution of auxin within tissues and sets the magnitude of the asymmetric auxin signalling maxima. While AUX1-and PIN-dependent intercellular transport of auxin is central in pinning the place of auxindependent growth repression, an antagonistic, PILS-dependent intracellular auxin transport mechanism depletes nuclear auxin signalling, setting the time for growth transition and hook opening speed. Accordingly, auxin transport across two distinct membranes (the plasma membrane and the endoplasmic reticulum) appears to be central in harmonising growth regulation in apical hooks.
Besides auxin and ethylene, also gibberellin, brassinosteroid, jasmonate and cytokinin have been reported to impact directly or indirectly on apical hook development [7, [48] [49] [50] . Most of these hormones seem to primarily affect the formation phase in an ethylene-dependent manner [50] . However, the modes of actions are still largely unclear for most of these hormones and their elucidation will further our understanding of differential growth control.
We conclude that apical hook development is a superb model to understand how growth programs can be controlled and altered in plants. We accordingly advocate the widespread usage of apical hook development to further define how distinct membranes/organelles, vesicle trafficking, diverse auxin carriers, or hormonal crosstalk mechanisms define plant growth.
